Abstract: Two populations of cogongrass [Imperata cylindrica (L.) Raeuschel], one from the saline regions of the Salt Range and the other from the non-saline regions of Faisalabad were assessed for salinity tolerance on the basis of some key morphological and physiological attributes. It was hypothesized that the tolerant population from the Salt Range must have developed some specific structural modifications, which are responsible for its better survival under high salinities. These adaptive components can be effectively used in modern technologies for improving degree of tolerance of other sensitive crops. The population from the Salt Range markedly excelled the Faisalabad population in terms of growth and physiological attributes measured in this study. The Faisalabad population of I. cylindrica was unable to survive at the highest salt level (200 mM NaCl). The tolerance of the Salt Range population to salt stress was found to be related to high accumulation of organic osmotica, particularly total free amino acids and proline as well as Ca 2+ in the shoot. The distinctive structural modifications in the Salt Range population were found to be enhanced succulence, well-developed bulliform cells in leaves and smaller stomatal area.
Introduction
The Salt Range (71
• 30 -73
• 30 E and 32
• 23 -33 • 00 N) has originated in the Cambrian era (McKerrow et al. 1992) . Soils of the Salt Range are highly impregnated with salt at several places. Salt depositions via brine springs and run-off water from the salt-exposed rocks during the rainy season are the main sources of salt deposition. A large area of foot-hill zone is affected by salts, of which the main one is sodium chloride (about 90%) along with the salts of calcium, potassium and magnesium (Qadir et al. 2005) .
The Salt Range is a typical sub-mountainous subtropical dry evergreen scrub forest, dominated by trees like Acacia modesta and Olea ferruginea, shrubs Maytenus royleanus, Justicia adhatoda, Ziziphus nummularia and Dodonaea viscosa along with several grasses. Chaudhry et al. (2001) and Ahmad et al. (2012) reported over 60 grass species from the Salt Range area, many of them are palatable with high nutritional value. Dominant among these are Aristida mutabilis, A. adscendens, Chrysopogon serrulatus, Dichanthium annulatum, D. foveolatum, Digitaria sanguinalis, and Heteropogon contortus. Grasses like Aeluropus lagopoides, Cynodon dactylon, Desmostachya bipinnata, Imperata cylindrica, and Sporobolus arabicus have reasonable tolerance to salt stress .
Imperata cylindrica (L.) Raeuschel (Cogon, Sword or Blady grass, locally known as Dab or Dhab) is widely distributed throughout the tropics of the Old World and Pakistan, the Mediterranean region, the Middle East and Chile (Cope 1982) . It is an aggressive, coarse, and rhizomatous perennial grass forming tufts of leaves, and very variable in tallness ranging from 10 to 120 cm (Chaudhary 1989 ).There are some reports which show can tolerate a variety of environmental stresses such as nutrient deficiency (Santoso et al. 1997) , and drought and salinity (Matumura & Nakajima 1988) .
Salt tolerance of natural populations depends on the existence of available genetic variability and evolutionary history of the habitats (Ashraf 2006) . Exploration of genetic variation in natural populations, identification of genetically based markers and finally the incorporation of stress tolerance traits into glycophytic plants have been emphasized recently (Munns 2011) . This may also be extremely helpful in investigating the adaptative mechanisms for salinity tolerance. Like other salt tolerant grasses of the site Imperata cylindrica may also possess specific morphological and physiological adaptations to high saline conditions, so appraisal of such adaptive components in this grass is the premier objective of the present study.
Physiological characteristics increasing salinity tolerance of I. cylindrica A series of papers have already been published on grasses from the Salt Range (Hameed & Ashraf 2008; Hameed et al. 2010; Hameed et al. 2013 ) and partly on I. cylindrica (Hameed et al. 2009; Hameed et al. 2011) . However in the present study, physio-biochemical along with some specific structural modifications in I. cylindrical to salinity stress has been determined.
Material and methods
The study was conducted to investigate the degree of salt tolerance and adaptive responses of two populations of Imperata cylindrica (L.) Raeuschel, one from the saline regions of the Salt Range and the other from a normal non-saline regions within Faisalabad district (see Hameed et al. (2009) about the habitat description). The material was collected in August 2005 and grown for about six months at Botanic Garden research area. Ramets of almost equal size was then randomly selected from 20 mother plants for the experiment.
Twelve repeats of each population, i.e., from the Salt Range and Faisalabad, were planted on thermopore sheets. Five salinity levels (control with no salinity treatment, 50, 100, 150 and 200 mM of NaCl) were maintained during the experiment in half-strength Hoagland's nutrient solution. The experiment was arranged in a two-factorial completely randomized design (CRD).
The experiment was conducted in a wire house under full sunshine in the Botanic Garden, Department of Botany, University of Agriculture, Faisalabad during June-August, 2006, with average day temperature 34-40
• C, night temperature 21-27
• C, relative humidity 45-59%, and photoperiod 11-12h. After three-month growth in Hoagland's nutrient solution under salt stress, the plant material was collected for morpho-anatomical and physiological parameters.
Dried and ground plant material (0.1 g root or leaf) was digested in concentrated H2SO4 for determining root and shoot cation content following Wolf (1982) . Cation rich as Na + , K + and Ca 2+ in the digests were determined with a flame photometer (Jenway, PFP-7). For Cl − determination, 0.1 g plant sample was ground and heated in 10 mL of H2O at 80
• C till the volume reduced to half. The volume was again brought to 10 mL by adding distilled water. Cl − content was determined using a chloride meter (Jenway, PCLM 3).
A fully-expanded largest leaf was selected for the measurement of gas exchange parameters like net CO2 assimilation rate (A), transpiration rate (E), stomatal conductance (gs), and sub-stomatal CO2 concentration(Ci) using an open system LCA-4 ADC portable infrared gas analyzer (Analytical Development Company, Hoddesdon, England). The readings were taken from 9.00-11.00 a.m. (molar flow of air per unit leaf area 403.3 mmol m −2 s −1 , atmospheric pressure 99.9 kPa, water vapor pressure in the chamber 6.0-8.9 mbar, maximal PAR at leaf surface 1711 mmol m −2 s −1 , leaf temperature 28.4-32.4
• C, ambient temperature 22.4-27.9
• C, ambient CO2 concentration 352 mmol mol −1 (for details see Hameed et al. 2009 ).
The same leaf was used for the measurement of water potential (ψw) as was selected for photosynthetic parameters. Measurements were recorded by a Scholander-type pressure chamber. For osmotic potential (ψs), the leaves were frozen at -20
• C for 7 days. The cell sap was extracted by thawing the frozen leaf and used for the determination of osmotic potential using a vapor pressure osmometer (Wescor 5500). Turgor potential (ψp) was calculated by subtracting ψs from ψw.
Total amino acids were estimated following Moor and Stein (1948) . Fresh leaves (1.0 g) were chopped in 10 mL of citrate buffer (pH 5.0) and incubated for 1 h at room temperature. The material was then centrifuged at 15,000 rpm at 15
• C for 10 min. The supernatant was then separated. One mL of ninhydrin solution was added to 1 mL of the extract in a vessel and covered with an aluminum foil. It was then heated for 20 min in a boiling water bath, followed by cooling in cold water. Thereafter, 5 mL of the diluent (n-propanol solution) were added to the solution and again incubated at room temperature for 15 min. The optical density was recorded at 570 nm on a UV-visible spectrophotometer (Hitachi 220, Japan).
Total soluble proteins were determined following Lowry et al. (1951) . Fresh leaf material (0.2 g) was chopped in 5 mL of phosphate buffer (0.2 M, pH 7.0), then centrifuged at 5,000 rpm for 5 min. The supernatant was separated and copper reagent was added to one ml of the leaf extract, mixed thoroughly and allowed to stand for 10 min at room temperature. Then 0.5 mL of the Folin-phenol reagent was added, the mixture was shaken well and incubated for 30 min at room temperature. The optical density was recorded at 620 nm on a spectrophotometer (Hitachi, 220, Japan).
Total soluble sugars were determined following Yemm and Willis (1954) . Optical density of the extract was recorded at 625 nm on a spectrophotometer (Hitatchi, 220, Japan). Proline was estimated following Bates et al. (1973) .
Chlorophylls a and b, and carotenoids were determined following Arnon (1949) . Finely cut fresh leaves (0.2 g) were extracted with 80% acetone at 0-4 • C, then centrifuged at 10,000 rpm for 5 min. Absorbance of the supernatant was recorded at 645, 663 and 480 nm using a spectrophotometer (Hitachi-220 Japan) and following formulae:
Where OD is the optical density.
Results
Moderate levels of salt stress (50 mM and 100 mM NaCl) increased shoot length, but higher level significantly reduced it in both populations of I. cylindrica ( Fig. 1) , however the Faisalabad population was relatively more affected and it failed to survive at 200 mM NaCl level. Root length decreased consistently in the Faisalabad population under salt stress (Fig. 1 ). In contrast, this characteristic in the Salt Range population showed considerable increase at moderate salinities (up to 100 mM NaCl level), and subsequently it decreased at higher levels.
In terms of number of leaves per plant the Faisalabad population was more severely affected, where almost 50% decrease in this parameter was recorded at 150 mM NaCl. Total leaf area per plant decreased substantially in both populations under salt stress, but the Faisalabad population was relatively more adversely affected as compared to that from the Salt Range (Fig. 1) . In both populations, salt stress adversely affected the root number, but the Faisalabad population was comparatively more affected than that from the Salt Range.
With increasing levels of salt stress, the Salt Range population showed a steady increase in root fresh weight (Fig. 1) , in contrast, the Faisalabad population showed increased root fresh weight only at the moderate salt levels. Shoot fresh weight decreased substantially in the Faisalabad population under salt stress, but this characteristic increased slightly in the Salt Range. A marked decrease in shoot dry weight was recorded in Fig. 2 . Chlorophyll pigments, shoot water relations and photosynthetic parameters, in Imperata cylindrica populations from the Salt Range and Faisalabad region grown hydroponically under different levels of salt (mean ± S.E; n = 12). The Faisalabad population could not survive at 200 mM NaCl level.
both populations, but was relatively less affected the Salt Range population.
Photosynthetic parameters like net CO 2 assimilation rate, transpiration rates, and stomatal conductance (Fig. 2) decreased in both populations with increase in salt stress but the Faisalabad population was relatively more adversely affected in terms of gas exchange parameter, leaf water potential was greatly affected by salinity as this became more negative in both Faisalabad and the Salt Range populations under saline conditions (Fig. 2 ), but this effect was more severe in the Faisalabad population. Leaf turgor potential decreased significantly in the Faisalabad population at moderate salinities (up to 100 mM NaCl), but thereafter a rapid increase was noted at 150 mM NaCl. In the population from the Salt Range, a consistent de- crease in leaf turgor potential was noted up to 150 mM NaCl, but it showed a sharp decline at 200 mM NaCl.
Accumulation of oraganic osmotica (total free amino acids, total soluble proteins, total soluble sugars and proline) in both populations showed a significant increase under salt stress (Fig. 2) . These organic substances increased in both populations with increase in salt stress level, but the population of the Salt Range accumulated relatively more of all these organic osmotica at all the external salt levels.
Chlorophyll a content in both populations increased by the addition of salts to the growth medium, but thereafter, it decreased significantly at higher external salt levels. The Faisalabad population was more adversely affected with respect to chlorophyll a. Chlorophyll b content in the Salt Range population increased progressively up to 150 mM NaCl and then decreased at the highest salt level (Fig. 2) . Carotenoids in the Faisalabad population of I. cylindrica increased up to 100 mM NaCl and then they decreased slightly at the higher salt levels. Conversely, this parameter in the Salt Range population increased up to 150 mM NaCl.
Root and shoot Na + in the Faisalabad population increased significantly with increase in external salt stress level, but the stability in both shoot and root Na + up to 150 mM NaCl salt was noted in the Salt Range population (Fig. 2) . Shoot K + content generally decreased in both populations with increase in salt level of the root growth medium but this trait was much less affected in the Salt Range population.
Shoot Ca 2+ in the Faisalabad population remained almost unchanged under varying salt levels, but in the Salt Range population it consistently increased up to 150 mM NaCl, and afterwards it remained constant (Fig. 2) . Root Ca 2+ , in contrast, showed an inconsistent pattern under different saline regimes.
Root and leaf Cl − contents were significantly affected in the Faisalabad population only at the highest salt level (Fig. 2) , significantly high increase in this parameter was recorded at 150 mM NaCl. The Salt Range population showed a gradual increase in leaf and root Cl − accumulation with increase in external salinity level.
Specific structural modifications for salinity tolerance
Intensive sclerification in roots and stem was recorded only in the Faisalabad population under salt stress (Fig. 4) . Bulliform cells in the leaves of Salt Range population were relatively more developed than that recorded in the Faisalabad population, but the thickness in former increased under salt stress. Stomatal shape was more responsive to salt stress in the Salt Range population where elliptic stomatal complex transform to rhomboid and smaller ones under high salt stress.
Discussion
The Imperata cylindrica population from the Salt Range was collected from salt-affected soils of Ucchali Lake with ECe 15.40 dS m −1 , Na + content 2,904.02 mg kg −1 and Cl − content 1,530.86 mg kg −1 . Therefore, the population of this grass collected from the Uchhali lake should have adapted specific mechanism to withstand such harsh climatic conditions for its survival and growth in view of the long span of time it has been growing there.
Shoot growth (shoot length, and fresh and dry weights) was found to be promoted by moderate salinities only in the Salt Range population. However, root growth in terms of length and fresh and dry weights increased consistently in this population with increase in external salt level. These findings are supported by Gulzar et al. (2003) in salt tolerant Aeluropus lagopoides and Hameed & Ashraf (2008) in salt tolerant Cynodon dactylon, who reported increased fresh and dry weights in both salt tolerant species under salt stress. Ashraf et al. (2002) and Alshammary et al. (2004) , on the other hand, reported a decrease in root length in some grasses under salt stress. Though salt tolerance, in general, may vary with plant species or genotypes, relatively less decrease in root length in the Salt Range population was associated with its higher salt tolerance.
Water relation parameters (leaf water potential, solute potential and turgor potential) of plants were markedly affected due to salt stress. In general, under saline conditions, plants experience high osmotic stress due to low external water potential, and maintenance of low solute potential (more negative) in plants under stress conditions is referred to as osmotic adjustment (Hernandez & Almansa 2002; Chaparzadeh et al. 2003) . Both populations showed more negative leaf osmotic potential and water potential with increasing salt levels, but the Salt Range population maintained its leaf water, osmotic and turgor potentials under saline conditions more efficiently, which may be an important strategy of this population to survive under physiological droughts caused by saline conditions. Qian et al. (2001) reported similar findings in Kentucky bluegrass in which salttolerant lines maintained high turgor potential under unfavorable conditions.
In the sensitive ecotype from Faisalabad, both osmotic and water potentials became considerably more negative and these resulted in loss of turgor in leaf tissues, which might have eventually hampered other physiological processes contributing to biomass production. Reduction in leaf turgor pressure has also been reported by (Ashraf & O'leary (1996) in Triticum aestivum and Gulzar et al. (2003) in Urochondra setulosa.
Compatible solutes accumulating in plant tissues may vary with specific genotypes (Bohnert & Jensen 1996) . Sugar accumulation has been widely reported by earlier worker, as one of the important physiological response of plants to stressful cues (Streeter et al. 2001; Taji et al. 2002) . However in accumulation of total free sugars, both populations responded similarly to salt stress.
Accumulation of total soluble proteins showed a similar trend in both populations. Such a pattern of accumulation of proteins has also been reported earlier by Mahmood & Athar (2003) in Panicum turgidum under salt stress. As both populations showed a similar response to salt stress levels, so it can be concluded that the adaptation of this grass to high soil salinity depends to same extent on the accumulation of organic osmotica.
The accumulation of proline under salt stress is an adaptive component as it plays a vital role in osmotic adjustment under stressful environmental conditions (Yoshiba et al. 1997) . The more tolerant Salt Range population showed relatively higher accumulation of organic osmotica under salt stress, in particular, total free amino acids and proline. This could be one of the important factors for the adaptation of this grass to saline environments. Such adaptation has also been reported earlier by a number of researchers (Ashraf 1994; Ashraf & Harris 2004; Ashraf & Hameed 2008 in Cynodon dactylon).
Salinity induced chlorophyll reduction, and consequently the reduction in photosynthesis in plants is well established by many researchers (Lacerda et al. 2003) . The less affected chlorophyll contents (chlorophyll a, chlorophyll b and carotenoids) in the salt tolerant Salt Range population under salt stress might have contributed to its survival under harsh saline environments.
In both populations, Na + content increased with increase in the intensity of salt stress. Increase in the Na + with an increase in salt stress has earlier been reported in Panicum turgidum (Mahmood & Athar 2003) , and sorghum (de Lacerda et al. 2005) . It is widely accepted that halophytic or salt tolerant plants have a restricted uptake and low rate of transportation of toxic Na + and Cl − to the leaves and their compartmentalization within the cells to avoid salt toxicity (Munns 2002) . This may be an important adaptation of the Salt Range population of this grass for thriving well under high salinities as reported by Qian et al. (2001) in Kentucky bluegrass and Hameed & Ashraf (2008) in Cynodon dactylon.
Shoot and root Ca 2+ showed an inconsistent response to salt stress, but K + decreased consistently in both populations under saline regimes. Inhibition of beneficial ions like K + and Ca 2+ in plants due to salt stress is a very common process (Netondo et al. 2004; Munns & Tester 2008) .
Structural modifications in I. cylindrica due to salinity stress, particularly leaf succulence, have already been published (Hameed et al. 2009 ), which supported the maintenance of tissue water relations, particularly in the Salt Range population. These modifications were found to be population specific because the Fiasalabad population showed intensive sclerification in the root and shoot tissues (Fig. 4) , which play an important role for minimizing water loss from the plant body (Yiotis et al. 2006) . The Salt Range population, in contrast, relied on succulence, which is considered important for water conservation (Flowers & Colmer 2008) . In addition, highly developed bulliform cells are another critical modification enabling the leaves to roll, thereby protecting stomata from direct exposure to environment. Stomata with smaller guard cells can be regulated by lower turgor pressure . Both bulliform cells and stomata are vital adaptations for minimizing transpirational loss (Balsamo et al. 2006; Abdel & AlRawi 2011) .
Overall, the adaptive components relating to salt tolerance of the Salt Range population of I. cylindrica include high accumulation of organic osmotica like total free amino acids, Ca 2+ and proline, unaffected chloro-phyll b in the shoots, and water conservation through succulence in leaf, reduction in stomatal area, and welldeveloped bulliform cells under saline condition. These attributes have developed only in the Salt Range population but not in the Faisalabad population, and this might be the reason that the latter could not survive at the highest salt level.
